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The influence of the electrode dimension on the detection sensitivity of electric cellsubstrate impedance sensing (ECIS) and its mathematical modeling
Xudong Zhang, William Wang, Anis Nurashikin Nordin, Fang Li, Andres Rivera, Sunghoon
Jang, Ioana Voiculescu.
Abstract
Detection sensitivity is a crucial criterion in the design and application of ECIS sensors. The
influence of sensing electrode dimension on detection sensitivity is investigated in this paper.
Eight types of ECIS sensors were fabricated, and their experimental results reveal that smallerradius working electrodes generate more sensitive impedance shift to cell density change. Also,
the smaller radius of working electrodes yield higher impedance values, which improves signalto-noise ratio. In a range from 1.0 mm to 3.5 mm, the distance between the working and counter
electrodes does not affect impedance measurements. However, the distance should be large
enough to prevent the current from directly bypassing the cells between the electrodes. A
mathematical model has been developed to analyze the distribution of electric potential and
current over the sensing electrodes of ECIS sensors, which is helpful in understanding the
mechanisms of ECIS. This mathematical model, supported by experimental data and finite
element analysis, is able to illustrate a quantitative relationship between cell impedance and cell
characteristics. This model can be used to optimize the design of ECIS sensors and interpret cell
behavior.
Keywords: ECIS; Sensitivity; Model; Electrodes; Design.
1. Introduction
The electric cell-substrate impedance sensing (ECIS) technique can analyze cell migration,
attachment, invasion, proliferation, and barrier function [1-5]. The measured impedance data can
provide information on cell membrane capacitance, cytoplasm conductivity, and intercellular
junction condition, which are all related to cell behavior and morphology [1-9]. Live cells attach
and spread on the surface of ECIS electrodes after seeding, and behave like an insulating
medium that limits the current flow between the electrodes, thus the measured impedance
increase between the electrodes [10-18]. The measured impedance will stabilize after the cells
form a monolayer on the sensor. Changes in measured impedance correspond to variations of the
monolayer caused by cell-cell interactions, cell-substrate interactions, or changing cell electrical
properties due to chemical, biological, or physical stimuli [19].
Detection sensitivity is a crucial criterion in the applications of ECIS sensors. It depends on
sensor configuration, such as electrode dimension and the distance between the electrodes. Wang
et al. have fabricated coplanar interdigital ECIS sensors using different working electrode
dimensions to investigate their detection sensitivity [20]. However, no study has been reported
about the influence of sensor dimension on the detection sensitivity of circular coplanar ECIS
sensors.
Mathematical modeling can provide more information that cannot be obtained directly through
experimental data, including cell membrane capacitance, dielectric resistance, and morphology,
which are useful to analyze the cell behavior. The membrane capacitance of nerve cells plays an
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important functional role in synaptic integration and signal propagation [21]. The embryonic
carcinoma cells show specific dielectric resistance profiles during induced differentiation [22].
Several mathematical models have been developed to analyze the relationship between measured
cell impedance and cell characteristics [1-10, 23-28]. Some of these models assumed that cell
membrane was a capacitor, cell cytoplasm a resistor, and cell impedance calculated as a
combination of the capacitors and resistors [24-28]. Furthermore, the current flows either
through the cells or around the cells. However, in reality, the current may switch from one path
to another, creating a hybrid path. Other models have considered all of these three paths [1-10,
23]. Nevertheless, these models assumed that the current flows radially between the ventral
surface of the cell and the substratum and the electric potential is constant inside the cell.
However, if the current flow through the entirety of the cell, the electric potential cannot be
constant inside the cell. Therefore, Ohm’s law invalidates this assumption.
In this paper, ECIS sensor arrays were fabricated to investigate the influence of sensor dimension
on detection sensitivity. Also, a new mathematical model has been developed to illustrate the
distribution of current and electrical potential, and the relationship between measured cell
impedance and cell characteristics.
2. Materials and methods
2.1 Cell culture and preparation
Bovine aortic endothelial cells (BAECs, VEC Technologies, Rensselaer, NY) were used in this
study. The BAECs were cultured in Minimum Essential Medium (MEM, GIBCO, Grand Island,
NY) with 10 % fetal bovine serum (FBS, GIBCO, Grand Island NY) under standard mammalian
cell culturing conditions (37°C and 5% CO2).
2.2 Fabrication of ECIS sensor arrays
The ECIS arrays were fabricated on glass by thin film deposition and lift-off photolithography
technique, as shown in Fig. 1(a). After patterning the photoresist AZ5214E (MicroChemicals,
Somerville, NJ), 10 nm chromium (Cr) followed by 100 nm gold (Au), was thermally evaporated
onto the substrate to form the sensor’s electrodes. After the lift-off process, the photoresist SU-8
(Microchem, Westborough, MA) was used to partially cover the connection leads of sensor array.
The sensor arrays were treated with 95% sulfuric acid at 80°C for 10 seconds followed by
washing with DI water, and was treated with 10% APTES at 50°C for 2 hours to increase the
surface biofuncationality [29]. Finally, commercial cell culture wells (Lab-Tek 8-well culture
wares) were glued onto sensor arrays. Fig. 1(b) shows the fabricated ECIS sensor array and its
configuration. Tab. 1 shows the configuration of ECIS sensors. Ri is the radius of the working
electrode, Rco the outer radius of the counter electrode, dio the distance between the edges of the
electrodes, S1 and S2 are the area of the working and counter electrode respectively.
2.3 Experimental system setup
Impedance analyzer Agilent 4294 and ECIS Z system (Applied Biophysics, Troy, NY) were
used to measure the cell impedance. The Tektronix oscilloscope DPO2014B was used to monitor
the AC signal applied on cells. Two MAXIM DG408 Multiplexers, controlled by an NI USB2

6008 multifunction data acquisition card, were used as a 16-channel multiplexer between the
impedance analyzer and the sensor arrays. The NI USB-6008 and Agilent 4294 were controlled
by LabView programs to acquire impedance from ECIS sensor arrays. The experimental setup is
shown in Fig. 2. The ECIS sensor arrays, seeded with mammalian cells, were kept inside an
incubator with 37°C and 5% CO2 during the impedance measurement.
2.4 Finite Elements Analysis of the ECIS
There are mainly five physical layers in an ECIS sensor. From the bottom to the top of the sensor,
they are the sensing substrate layer, electrode-electrolyte layer, thin cell culture medium layer,
cell layer, and cell culture medium layer. A simplified axisymmetric finite element ECIS model
for a few cells was established to analyze the distribution of electric potential and current on thin
cell culture medium layer, as shown in Fig. 3. A gap was assumed to divide the working
electrode zone and counter electrode zone, shown as the yellow line in Fig. 3. That gap prevents
the current from transmitting from the working electrode to counter electrode directly without
passing through the cells. The parameters related to the electrical properties and geometric
dimension used in the finite element model and the following mathematical model were the same,
as shown in Tab. 2.
3 Mathematical model of electric cell-substrate impedance sensing (ECIS)
A new model was proposed to analyze the distribution of current and electric potential. The
graphical representations of the current paths were established in cylindrical coordinates (r, θ, z)
as shown in Fig. 4. Because the model is axisymmetric, this model was simplified into 2dimensional coordinates (r, z),
𝐼

𝐼

1
𝜌 (2𝜋𝑟𝑧
𝑒𝑟 + 𝜋𝑟22 𝑒𝑧 ) = 𝐸

𝜕𝑉

𝑒
𝜕𝑟 𝑟

𝜕𝑉

+ 𝜕𝑧 𝑒𝑧 = −𝐸

(1)
(2)

𝐼1 + 𝐼2 = 𝐼1 + 𝑑𝐼1 + 𝐼2 − 𝑑𝐼2

(3)

Where: ρ is the resistivity of the cell culture medium. I1 and I2 are the current flowing through
the point (r,z) in the r and z directions respectively. er and ez are unit vectors in the r and z
directions. E is the electric field at any point (r,z). V is the electric potential at the point (r, z). dI1
and dI2 are the infinitesimally small current of I1 and I2. dI1 and dI2 have the same sign.
Eq. (1) can be obtained from the differential form of Ohm’s Law, I1/2πrz and I2/π2 are the
current density in the r and z directions respectively. The gradient of electric potential is related
to the electric field, and it can be decomposed into ∂V/∂r and ∂V/∂z, as shown in Eq. (2).
According to Kirchhoff’s circuit law, the sum of currents flowing into the node (r, z) is equal to
the sum of the current flowing out of the node, as shown in Eq. (3).
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Where:𝐼0 (2𝑐𝑟) is the modified Bessel function of the first kind, and A, D and c are coefficients
After substituting Eq. (1) and (2) into Eq. (3), the governing equation of the electric potential at
any point (r, z) can be obtained, as shown in Eq. (4). Eq. (5) is the solution of Eq. (4). When the
variable z is held constant, Eq. (5) is the same as the solution of electric potential in Dr.
Giaever’s ECIS model [3, 23].
𝑍
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Boundary Condition 2: 𝑉(𝑟𝑒 , 𝑧 = 0) = 0

(7)

Boundary Condition 3: 𝐼𝑗 = 𝐼1 (𝑟𝑐 , ℎ1 ) + 𝐼2 (𝑟𝑐 , ℎ1 )

(8)

Where: Vc is the electric potential applied on the working electrode. Zn is the specific impedance
of the electrode-medium interface (unit Ωm2). re is the radius of the positive electrode. h1 is the
average distance between the ventral surface of cell and electrode-electrolyte interface. h2 is the
average thickness of the cell layer. d is the average horizontal distance of the intercellular
junction. The vertical intercellular junction length is αh2 (0 ≤ α ≤ 1). rc is the average radius of a
single cell. Ij is the current flowing through the intercellular junction gap.
Three boundary conditions were needed to determine the three unknown coefficients, A, D and c
in Eq. (5). First, the relationship between electric potential difference and current at the points
(r=0, z=100 nm) should be consistent with Ohm’s law, as shown in Eq. (6). Secondly, the
electric potential at the edge of the positive (working) electrode should be zero, as shown in Eq.
(7). Finally, the current flowing through the intercellular junction gap (Ij) is mainly from I1 and
I2 at the edge of the cell, as shown in Eq. (8). Ij is equal to the quotient of the electric potential
difference on the edge of the intercellular junction over the resistance of intercellular junction.
These three coefficients A, D and c were calculated using the parameters shown in Tab. 2. [3036].
3.1 Quantification of the impedance of electrode-electrolyte interface and cell culture medium
The equivalent circuit of electrode-electrolyte interface is a double layer capacitance (Cdl),
shunted by a Faradic impedance [37-39]. The double layer capacitance is 60 µF/cm2 with the
solution relative permittivity around 80 [40]. The Faradic impedance comprises a charge transfer
resistance (Rct) and a Warburg impedance (Zw) in series. The value of Rct was determined by the
electron transfer rate and was estimated to be 5.03×106 Ωcm2 [41]. Zw was related to the mass
diffusion process occurring in the electrode-electrolyte interface and was neglected due to the
characteristics of the electrode material [42-44]. The specific impedance of electrode-electrode
interface (Zn) can be calculated, as shown in Eq. (9).
𝑍𝑛 = 2𝜋𝑓𝐶

𝑅𝑐𝑡

𝑑𝑙 ×𝑅𝑐𝑡 +1

(9)

Where: f is the measurement frequency.
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For a round planar working electrode with an infinitely large counter electrode, the impedance of
𝜌
the culture medium (Rs) can be estimated as 4𝑅 [42, 45-47]. For a finite size of counter electrode,
𝑖

Rs can be calculated by integrating the series resistance of electrolyte shells moving outward
from the working to counter electrode, as shown in Eq. (10) [43, 48].
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Where: ρ is the resistivity of the electrolyte. h is the height of cell culture medium in culture
wells (5 mm in this study).
The impedance generated from the cell culture medium between the ventral surface of cell and
electrode-electrolyte interface (Zcell-sub) also needed to be considered. Zcell-sub can be calculated by
dividing the electric potential difference between the edge and center of a single cell by the total
current flowing through and around the cell as shown in Eq. (11).
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𝜌𝛼ℎ2

(11)

Where: V(0, h1 )- V(0, h1) is the difference in electric potential between the edge and center of a
single cell, which was expressed in Eq. (5). I2 is the current flowing through a single cell and can
be calculated from Eq. (1). Ij is the current flowing through the intercellular junction gap, which
is also equal to the current flowing around the cell. Ij can be calculated from Eq. (8). ρ1 is the
resistivity of cell cytoplasm. t and σ are the thickness and conductivity of the cell membrane
respectively. ε is the relative permittivity of the cell membrane. ε0 is the vacuum permittivity,
which is 8.85×10-12 F/m.
3.2 The calculated impedance of a single cell
The impedance of a single cell (Zsingle cell) can be calculated by dividing the electric potential
difference between the apical and ventral surfaces of a single cell by the total current flowing
through and around the cell, as shown in Eq. (12).
𝑍𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑒𝑙𝑙 =
=

𝑉(𝑟𝑐 , ℎ1 ) − 𝑉(𝑟𝑐 , ℎ1 + ℎ2 )
𝐼2 + 𝐼𝑗
(𝜌1 ℎ2 √𝜎2 +(2𝜋𝑓𝜀𝜀0 )2 +2𝑡)(2𝐼0 +2𝑐𝑟𝑐 𝐼1 )

𝑟 𝑑
2𝜋[𝑟𝑐 2 𝐼0 √𝜎2 +(2𝜋𝑓𝜀𝜀0 )2 + 𝑐 (𝜌1 ℎ2 √𝜎2 +(2𝜋𝑓𝜀𝜀0 )2 +2𝑡)(2𝐼0 +2𝑐𝑟𝑐 𝐼1 )]

(12)

𝜌𝛼ℎ2

Where: V(rc, h1 )- V(rc, h1+ h2 ) is the difference of electric potential between the apical cell
membrane and the basal cell membrane.
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3.3 The calculated impedance of the cell monolayer covering an ECIS sensor
In this model, the impedance of the ECIS sensor (Z) can be calculated as the sum of the
impedance generated at the working electrode zone (Zworking), the impedance generated at the
counter electrode zone (Zcounter), and Rs, as shown in Eq. (13).
𝑍 = 𝑍𝑤𝑜𝑟𝑘𝑖𝑛𝑔 + 𝑍𝑐𝑜𝑢𝑛𝑡𝑒𝑟 + 𝑅𝑠
1

1

𝑆(𝑍𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑒𝑙𝑙 +𝑍𝑐𝑒𝑙𝑙_𝑠𝑢𝑏 )

1

2

𝑛

= (𝑆 + 𝑆 ) [𝑍𝑛 +

] + 𝑅𝑠

(13)

Where: S1 and S2 are the surface area of the working and counter electrode respectively. S is the
total surface area of the ECIS sensor, which contains the working electrode, counter electrode
and non-electrode area. Z is the calculated impedance from the ECIS sensor. n is the number of
cells seeded on the ECIS sensor. The rest of parameters were noted in the previous sections.
4. Results and discussion
4.1 The impedance response from the fabricated ECIS sensor arrays
The optimal measurement frequency allows the sensors to obtain the largest difference in
measured impedance between a sample with and without cells [19]. In this study, the optimal
measurement frequency was 8000 Hz in both the mathematical and finite element models. The
inherent impedance of the Au/Cr electrodes was 19 Ω at 8000 Hz measured by microwave probe
station and impedance analyzer, as shown in Fig. S1. The inherent impedance of the sensor can
be neglected, because it is much lower than the measured cellular impedance in the thousands of
ohms. Fig. 5 shows the BAECs impedance responses and morphology in the first 19 hours after
seeding onto the ECIS sensor array. The cell impedance increased until the 8 hour mark, which
indicates the initial formation of a loose monolayer, and the impedance plateaued until the end of
the experiment. After the formation of the cell monolayer was confirmed under microscope, the
impedance readings were used to represent the impedance of the cell monolayer for cell-based
assays.
4.2 The design guidelines of electrode dimensions of ECIS sensors
4.2.1 The radius of working electrode (Ri)
The experimental and simulated impedance using different Ri are shown in Fig. 6(a). Fig. 6(b)
illustrates the cell morphology on those sensors. The experimental and simulated impedances
using smaller Ri sensors are usually higher.
The ECIS sensors usually contain working and counter electrodes. There are many paths for the
current to flow through the cell monolayer between the working and counter electrodes. The
counter electrodes are used to provide adequate current paths to enable circuit connection, which
needs the counter electrode to have adequate sensing area. The smaller Ri working electrode
provides less current paths, which increases the corresponding impedance. The higher impedance
values can improve data quality by increasing signal-to-noise ratio. It is useful particularly for
observing small changes in cell behavior. However, the working electrode should not be too
small in order to measure an adequate number of cells and to guarantee sufficient cell-to-cell
contact area.
6

The maximum difference between the simulated and the experimental impedances is calculated
to be 13.29% in Fig. 6(a). That difference is acceptable when considering the fluctuation of
experimental impedance. The simulated impedance curve matches the experimental data closely
for the Ri range from 100 μm to 400 μm, as shown in Fig. 6(a). The consistency of the simulated
impedance with the experimental impedance validates this model’s ability to optimize the Ri
according to the range of measured cell number and expected output impedance level during
sensor designing.

4.2.2 The distance between the edges of the sensing electrodes (dio)
The distance between the edges of the sensing electrodes (working electrodes and counter
electrodes) (dio) is another factor that needs to be considered in designing ECIS sensors. The
green triangles show the relationships between dio and the experimental impedance as shown in
Fig. 6(c). When the dio changed from 1000 µm to 3500 µm, the average experimental impedance
slightly changed from 12.50 KΩ to 12.52 KΩ. This indicates dio in the range of 1000 µm to 3500
µm only has a little influence on the impedance. dio influenced the impedance of medium, which
is only a small portion of measured impedance. Thus, the dio cannot dramatically influence the
measured impedance. However, dio should not be too small to avoid the current from flowing
under the cell monolayer between sensing electrodes.
The blue line in Fig. 6(c) shows the relationship between dio and the simulated impedance
calculated using Eq. (13). In Eq. (13), the natural logarithm of the quotient of (𝑅𝑖 + 𝑑𝑖𝑜 ) and 𝑅𝑖
make the influence of dio on simulated impedance more slightly. Consequently, the dio only
slightly influence the simulated impedance. The simulated impedance is consistent with the
experimental data with 0.63% as the maximum difference. The consistency of the simulated
impedance with the experimental impedance validates the model.

4.3 The influence of electrode dimensions on the detection sensitivity of ECIS.
Detection sensitivity in cell-based assays is reflected by the fineness of impedance response to
cell changes. Because the standard commercial ECIS sensor (Applied Biophysics, Troy, NY)
haves an 125 µm Ri. Sensors with Ri of 100 µm and 150 µm (Type 1 and 2 in Table 1b) were
used to study the influence of working electrode dimension on detection sensitivity. 90,000,
100,000 and 110,000 cells/cm2 cell confluent densities were used to observe the relationship
between cell density and impedance. Fig. 7(a) shows the impedance shifts to the cell density
changes using the sensors with Ri of 100 µm and 150 µm. Fig. 7(b) shows the corresponding cell
morphology on the ECIS sensors. When the cell density change is 10,000 cells/cm2 (from 90,000
to 100,000 cells/cm2), the impedance increased 597 Ω and 350 Ω for the sensors with Ri of 100
µm and 150 µm respectively. When the cell density change is 20,000 cells/cm2 (from 90,000 to
110,000 cells/cm2), the impedance increased 1336 Ω and 880 Ω for the sensors with Ri of 100
µm and 150 µm respectively. The sensors with smaller Ri provided larger impedance changes to
the same cell density changes. Thus, the sensors with smaller Ri are able to detect finer changes
in cell density. Therefore, ECIS sensors with smaller dimension working electrodes illustrate
better detection sensitivity on changes in cell density. Another benefit is that smaller Ri requires
fewer cells in cell-based assays.
7

4.4 Analyzing the distribution of current density beneath the ventral surface of cells from the
mathematical model and finite element model
In several ECIS models, the current was assumed to flow radially between the ventral surface of
the cell and the substratum [1-5]. The distribution of electric potential was calculated from Eq. (5)
and the resultant equipotential lines are nearly vertical, as shown in Fig. 8(a). Because the
direction of current density is the same as the gradient of the electric potential, the current is
proven to flow radially between the ventral surface of cell and the electrode-electrolyte interface.
The density of equipotential lines in areas far from the cell’s center is higher than that in the
center, meaning the amount of current flowing around the cell is larger than that through the cell.
The distribution of electric potential and current density was also analyzed by the finite element
model, as shown in Fig. 8(b). It shows that the current flows radially, which is consistent with
the analyzed results from the mathematical model.
The quantative comparison of electric potential distribution calculated from the mathematical
and finite element model is shown in Fig. 8(c). Both distributions were 50 nm over the
electrode-electrolyte interface from the center of the cell to its edge. The maximum difference in
electric potential between the mathematical and finite element model is 4.3% (at 12 µm on the
horizontal axis). Perhaps dio was too short in the finite element model compared to that in
mathematical model. As a result, the electric potential decreases with larger extent in the finite
element model.
4.5 The relationship between impedance and cell morphology and electrical properties from the
mathematical modeling
Cell morphology, including the thickness and radius of cells, and electrical properties, including
membrane capacitance and cytoplasm resistivity, can affect impedance. The volume of a
endothelial single cell was assumed to be constant during a specific period with the cell thickness
(h2) being 5 µm and cell radius (rc) being 12 µm [49]. The relationship between the calculated
impedance of a single cell and rc, h2, membrane capacitance and cytoplasm resistivity (ρ1) can be
extracted from the Eq. (12), as shown in Fig. S2 . The model shows that cell morphology and
electrical properties influence impedance. This model can provide a more quantitative
relationship between the impedance and parameters related to the morphology and electrical
properties of cells.
5. Conclusions
Sensor dimension influences the detection sensitivity of ECIS sensors. The experimental results
reveal that smaller radius working electrodes generate more sensitive impedance responses to
cell density change. Also, the smaller radius yields higher impedance values, which improves the
signal-to-noise ratio. The counter electrodes need adequate sensing area to provide sufficient
current paths for circuit connection. The distance between the edges of the sensing electrodes
does not influence the measured impedance largely.

8

The proposed mathematical model was validated through experimental results and finite element
analysis. This model can be used to calculate the distribution of electric potential and current
over ECIS sensor electrodes. Also, it is able to provide a quantitative relationship between
measured cell impedance and parameters including cell radius, thickness, membrane capacitance,
and cytoplasm resistivity. This model can be used to optimize the design of ECIS sensors, such
as the dimension of the working electrodes and the distance between the working electrode and
counter electrode.
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